Ubiquitin plays an essential role in modulating protein functions, and deregulation of the ubiquitin system leads to the development of multiple human diseases. Owing to its molecular features, ubiquitin can form various homo-and heterotypic polymers on substrate proteins, thereby provoking distinct cellular responses. The concept of multifaceted ubiquitin chains encoding different functions has been substantiated in recent years. It has been established that all possible ubiquitin linkage types are utilized for chain assembly and propagation of specific signals in vivo. In addition, branched ubiquitin chains and phosphorylated ubiquitin molecules have been put under the spotlight recently. The development of novel technologies has provided detailed insights into the structure and function of previously poorly understood ubiquitin signals. In this Cell Science at a Glance article and accompanying poster, we provide an update on the complexity of ubiquitin chains and their physiological relevance.
Introduction
Newly synthesized proteins are frequently customized by attaching a functional group, a sugar moiety or a small protein to further specify their assignment in the cell. A prominent example of an evolutionarily conserved small protein modifier is ubiquitin. Covalent ligation of ubiquitin molecules to substrate proteins causes either elimination of the substrate by the proteasome or a change in substrate activity, localization, affinity to binding partners or other non-proteolytic events. The diversity of cellular consequences mediated by protein ubiquitylation emphasizes the importance of the ubiquitin system in cells.
Ubiquitin comprises 76 amino acids and is covalently attached through its C-terminus to either substrate proteins or itself through the sequential action of three different enzymes: E1 ubiquitinactivating enzymes, E2 ubiquitin-conjugating enzymes and E3 ubiquitin-ligating enzymes . Proteins can be modified at one or multiple lysine (K) residues with either a single ubiquitin molecule (mono-and multi-monoubiquitylation, respectively) or ubiquitin polymers ( polyubiquitylation). In a ubiquitin chain, ubiquitin moieties can be conjugated through one of their lysine residues (K6, K11, K27, K29, K33, K48 and K63) or the N-terminal methionine residue (M1), offering countless possibilities to assemble a specific polymer. Ubiquitin chains that comprise only a single linkage type are called homotypic. In contrast, heterotypic chains contain mixed linkages within the same polymer. The assortment of ubiquitin chains used in vivo further increases given that heterotypic chains can also be branched -i.e. one ubiquitin molecule is ubiquitylated at two or more sites (Meyer and Rape, 2014) . Finally, ubiquitin molecules can also be modified by other post-translational modifications, including acetylation (Ohtake et al., 2015) and phosphorylation (Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al., 2014; Ordureau et al., 2014; Swaney et al., 2015) , representing yet another layer of ubiquitin signal regulation and/or diversification (Herhaus and Dikic, 2015) .
In order to propagate the information encoded in a ubiquitin chain, cells have evolved a range of specific domains (ubiquitin binding domains, UBDs) that recognize and bind to distinct surface patches on ubiquitin (Husnjak and Dikic, 2012) . Importantly, ubiquitylation is a reversible modification, and linkages between ubiquitin molecules or ubiquitin and substrate proteins are hydrolyzed by deubiquitylating enzymes (DUBs) (Clague et al., 2013) .
For many years, ubiquitin research was limited to K48-and K63-linked polymers, mainly owing to the lack of tools and the uncertainty as to whether any of the remaining linkage types existed in cells, which at that time were considered to be atypical. Thanks to innovative technologies, more detailed studies on K11-and M1-linked ubiquitin chains were possible in the late 2000s and revealed roles for these chain types in human cell cycle control and cytokine signaling, respectively (Shimizu et al., 2015; Wickliffe et al., 2011) . In the past few years, a plethora of novel data emerged regarding the remaining ubiquitin linkage types. These studies advanced our understanding of how atypical ubiquitin chains control cellular processes and let us appreciate the diversity of ubiquitin signals. Here, we will delineate the physiological function of atypical protein ubiquitylation, including the impact of phosphorylated ( phospho)-ubiquitin.
Structural features of ubiquitin
The variety of cellular processes initiated and regulated by ubiquitin has been explained in part by the structural diversity of differently linked ubiquitin chains. Ubiquitin features several surface patches that are recognized by UBDs -e.g. the hydrophobic areas centered on residues I44 and I36. These patches are positioned relative to each other in a characteristic manner in distinct ubiquitin polymers. Although ubiquitin chains are dynamic entities, structural analyses, mainly using X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy, have shown that ubiquitin dimers that are linked to K6, K11, K29, K33 and K48 can form intramolecular interfaces between two ubiquitin moieties (Bremm et al., 2010; Cook et al., 1992; Hospenthal et al., 2013; Kristariyanto et al., 2015a,b; Matsumoto et al., 2010; Michel et al., 2015) . In contrast, K63-and M1-linked di-ubiquitin moieties adopt predominantly open conformations with no contact sites except that at the linkage point . Furthermore, the protein kinase PINK1 can phosphorylate ubiquitin on residue S65, which results in two structural conformations of the monomer in solution (Wauer et al., 2015a) . Together, these features assist in ubiquitin chain discrimination by UBD-containing proteins and DUBs to achieve signal specificity (see poster). In addition to ubiquitin conjugate topology, other aspects, such as cellular localization of enzymes and substrates, or the timing and reversibility of the ubiquitylation reaction, contribute to ensuring the correct fate of the countless proteins tagged with ubiquitin in a cell (Kim et al., 2011) .
Biology of the ubiquitin code
Ubiquitin was first described as a post-translational modification that targets proteins for degradation by the 26S proteasome (Hershko and Ciechanover, 1998) . When determining the existence of alternative forms of ubiquitin chains in yeast, a nonproteolytic role for K63 linkages in DNA repair had already been suggested in the mid-1990s (Spence et al., 1995) . Both K48-and K63-linked ubiquitin chains and their physiological impact have been extensively reviewed elsewhere (Clague and Urbé, 2010; Komander and Rape, 2012) ; below, we will discuss more recent observations for the role of the remaining ubiquitin linkage types.
K6 linkages -still much to learn
The cellular functions of K6-linked ubiquitin chains are currently unclear. The overall abundance of K6 linkages does not increase with proteasome inhibition (Kim et al., 2011; Wagner et al., 2011) . K6 linkages have been indirectly associated with DNA repair events through the heterodimeric ubiquitin E3 ligase BRCA1-BARD1. This tumor suppressor has been reported to assemble ubiquitin polymers containing K6 linkages on itself and on substrates (Morris and Solomon, 2004; Nishikawa et al., 2004) , which does not result in destabilization of these proteins.
It has also been observed that K6 and K33 linkages increase in response to UV radiation (Elia et al., 2015) , but further studies are necessary in order to elucidate the function of these atypical linkage types in this context.
Recently, K6 linkages have been identified in ubiquitylated mitochondrial outer membrane (MOM) proteins upon depolarization of the organelle. The total abundance of ubiquitin conjugated by the E3 ligase Parkin (encoded by PARK2) to depolarized mitochondria increases approximately sixfold (Ordureau et al., 2014) . Using absolute quantification (AQUA) proteomics, it has been shown that the elevated ubiquitin content primarily comprises K6, K11, K48 and K63 linkages. Further support for a crucial role of K6-linked ubiquitin chains has been provided by a ubiquitin replacement strategy in U2OS cells, wherein all endogenous copies of ubiquitin were deleted and replaced by either exogenous wild-type or mutant ubiquitin. Using these cells, it has been demonstrated that mitophagy is significantly delayed in cells expressing K6R or K63R mutant ubiquitin (Ordureau et al., 2015a) . The mitochondrion-localized DUB USP30 counteracts inappropriate ubiquitylation of healthy mitochondria (Bingol et al., 2014; Cunningham et al., 2015; Liang et al., 2015; Wang et al., 2015) . Interestingly, USP30 preferentially removes K6 and K11 linkages from MOM proteins (Cunningham et al., 2015) . In addition, the DUB USP8 selectively removes K6-linked ubiquitin chains from Parkin and opposes its autoubiquitylation (Durcan et al., 2014) , further connecting this linkage type to mitochondrial quality control. However, the exact function of K6 linkages in this context remains to be elucidated.
K11 linkages in heterotypic ubiquitin conjugates -a powerful degradation signal
The metazoan anaphase-promoting complex (APC/C) assembles K11-linked ubiquitin chains to drive proteasomal degradation and mitotic exit. The abundance of K11 linkages strongly increases when APC/C is active during mitosis (Matsumoto et al., 2010) . The APC/C initiates chain formation on its substrates together with the E2 enzyme UBE2C. Although UBE2C preferentially assembles K11 linkages (Jin et al., 2008) , it also synthesizes K48 and K63 linkages (Kirkpatrick et al., 2006) . Subsequently, APC/C elongates substrate-attached ubiquitin by utilizing a second E2 enzyme, UBE2S (Garnett et al., 2009; Williamson et al., 2009; Wu et al., 2010) . Interestingly, UBE2S does not simply extend a ubiquitin chain but branches multiple K11-linked polymers off of the ubiquitin molecules that have already been attached by UBE2C (Meyer and Rape, 2014) . These branched conjugates are potent proteolytic degradation signals as the proteasome receptor S5A recognizes them more efficiently than homotypic K11-or K48-linked ubiquitin chains (Meyer and Rape, 2014) . Another study even suggests that homotypic K11-linked conjugates do not bind with sufficient affinity or avidity to the 26S proteasome to stimulate substrate degradation (Grice et al., 2015) . However, the authors show that heterotypic chains containing K11 and K48 linkages bind to the proteasome and stimulate degradation of the cell cycle regulator cyclin B1.
Recently, a middle-down mass spectrometry approach has been established that uses restricted trypsin-mediated digestion to detect multiple modifications on a single ubiquitin moiety (Valkevich et al., 2014) . This method allows detection of branched polyubiquitin that has been formed by various enzymatic systems -e.g. by the bacterial effector E3 ligase NleL, as well as the potential presence of these conjugates in cell and tissue extracts.
In addition to its role in human cell cycle control, K11-linked ubiquitin chains have been implicated in the cellular adaptation to hypoxia. It has been shown that the K11-linkage-specific DUB Cezanne (OTUD7B) (Bremm et al., 2010; Mevissen et al., 2013) regulates stability of the transcription factor HIF-1α (Bremm et al., 2014) and expression levels of HIF-2α (Moniz et al., 2015) . However, in this context, the exact topology of the ubiquitin signal is not yet understood. Future analyses of HIF-1α ubiquitylation will determine whether K11 linkages are incorporated into mixed chains and how these polymers provoke, for example, proteasomedependent and -independent degradation of the transcription factor.
K27 linkages -involved in the DNA damage response and innate immunity Upon DNA damage, the serine/threonine protein kinase ATM is activated and elicits a cascade of phosphorylation and ubiquitylation events that trigger the DNA damage response (DDR) through multiple downstream effectors. Recently, Penengo and colleagues have investigated the functional relevance of different types of ubiquitylation in the DDR (Gatti et al., 2015) and observed that RNF168 promotes K27-linked polyubiquitylation of histone 2A (H2A) proteins and that this linkage represents the major ubiquitin chain type on chromatin upon DNA damage, as shown by using selected reaction-monitoring mass spectrometry. Crucial DDR mediators such as 53BP1, Rap80, RNF168 and RNF169 recognize these K27-linked ubiquitin chains on histones H2A and H2A.X, and the inability of a cell to form K27 linkages prevents activation of the DDR because mediators can no longer be recruited (Gatti et al., 2015) .
A second report connects K27 linkages to host immune responses that are triggered by microbial DNA (Wang et al., 2014) . Invading nucleic acids trigger the activation of the interferon regulatory factor-3 (IRF-3) and/or NF-κB signaling pathways, thus inducing expression of type-I interferons (IFNs) and proinflammatory cytokines. Signals elicited by proteins that sense the presence of exogenous DNAs in the cytoplasm converge on 'stimulator of interferon genes' (STING; also known as TMEM173), a transmembrane protein in the endoplasmic reticulum (ER). Microbial DNA triggers STING dimerization and its migration from the ER to the perinuclear microsome compartment (Ishikawa et al., 2009) . At the same time, TANK-binding kinase 1 (TBK1) is recruited to this compartment in a STING-dependent manner (Ishikawa et al., 2009) , which is a prerequisite for kinase activation and subsequent activation of the transcription factor IRF-3. Insulininduced gene 1 (INSIG1) targets the E3 ligase autocrine motility factor receptor (AMFR, also known as gp78) to the STING protein complex upon microbial DNA invasion. Subsequently, AMFR catalyzes K27-linked polyubiquitylation of STING, which serves as a scaffold for the recruitment and activation of TBK1 (Wang et al., 2014) . Of note, it has been shown that AMFR interacts with the E2 enzyme UBE2G2 through a specialized binding region on AMFR, and that this interaction is a prerequisite for processive assembly of K48-linked ubiquitin chains on ER-associated degradation (ERAD) substrates (Das et al., 2013 (Das et al., , 2009 ). It would be exciting to uncover the molecular mechanisms of how AMFR can also assemble K27-linked ubiquitin chains.
Taken together, the discussed examples show that K27 linkages can precisely propagate signals within a cell by providing a dynamic tag that is specifically recognized by mediator proteins.
K29 linkages -an inhibitor of Wnt signaling
The Wnt/β-catenin signaling pathway plays essential roles in embryogenesis, and its deregulation has been associated with tumorigenesis and multiple other human diseases (Clevers and Nusse, 2012) . Propagation of Wnt signaling is regulated by protein ubiquitylation at various steps, and K48-and K63-linked ubiquitin chains in particular have been linked to this pathway (Tauriello and Maurice, 2010) . The canonical Wnt signaling pathway controls the stability of β-catenin. Under basal conditions, a destruction complex comprising two serine/threonine kinases -GSK-3 and CKI -and two scaffold proteins -Axin and APC, promotes degradation of β-catenin. Wnt ligands lead to inactivation of this destruction complex, allowing β-catenin to accumulate, translocate to the nucleus, and, together with its partner TCF/LEF-family member, activate a transcriptional program (Clevers and Nusse, 2012) . Recently, the ubiquitin E3 ligase Smad ubiquitylation regulatory factor 1 (Smurf1) has been shown to modify Axin with nondegradable K29-linked ubiquitin polymers (Fei et al., 2013) . K29-polyubiquitylation of Axin disrupts its interaction with the Wnt coreceptors LRP5 and LRP6 (LRP5/6), which subsequently attenuates Wnt-stimulated LRP6 phosphorylation and represses Wnt/β-catenin signaling (Fei et al., 2013) . Interestingly, the OTU family DUB Trabid (also known in mammals as ZRANB1), which is a positive regulator of Wnt-induced transcription, shows a strong preference for K29 and K33 linkages (Kristariyanto et al., 2015a; Licchesi et al., 2012; Mevissen et al., 2013; Michel et al., 2015; Virdee et al., 2010) . Trabid has been suggested to interact with and to deubiquitylate APC (Tran et al., 2008) . Given its linkage preference, it would be insightful to investigate whether Trabid exerts its positive regulatory function on the Wnt signaling pathway also by removing inhibitory K29-linked ubiquitin chains from Axin. AMP-activated protein kinase (AMPK)-related protein kinases (AlHakim et al., 2008) . More recently, K33 linkages have been implicated in post-Golgi protein trafficking (Yuan et al., 2014) . So far, mainly K63-linkaged ubiquitin chains have been described in both endocytic and secretory pathways, in which they serve as sorting signals for membrane proteins. It has now been shown that the Cullin-RING ubiquitin E3 ligase Cul3-KLHL20 attaches nondegradable K33-linked ubiquitin chains onto coronin7 (Crn7). This modification of Crn7 creates a binding surface for the tandemubiquitin-interacting motif (UIM) of Eps15, a UBD-containing clathrin adaptor required for post-Golgi trafficking. Binding of K33-ubiquitylated Crn7 to Eps15 promotes Crn7 recruitment to the transGolgi network (TGN), where it binds to F-actin and prevents its depolymerization. This action contributes to the assembly of a TGN-localized pool of F-actin, and to the generation and elongation of TGN-derived carrier tubules (Yuan et al., 2014) .
M1 linkages -key regulator in NF-κB signaling
Linear ubiquitin chains -i.e. M1-linked chains -play pivotal roles in inflammatory and immune responses by regulating the activation of the transcription factor NF-κB. Activated cytokine receptors and toll-like receptors (TLRs) recruit multiple proteins, including kinases and E3 ubiquitin ligases, and resultant phosphorylation and ubiquitylation lead to the activation of effector proteins. Activated inhibitor of κB (IκB) kinase (IKK) complex causes phosphorylation and degradation of the NF-κB inhibitor IκB, resulting in nuclear translocation of NF-κB (Karin and Ben-Neriah, 2000) . In the NF-κB signaling pathway, M1-linked chains are assembled by LUBAC, a multi-subunit E3 ligase comprising HOIP (also known as RNF31), HOIL-1L (also known as RBCK1) and SHARPIN. LUBAC utilizes the N-terminal methionine (M1) residue of ubiquitin instead of lysine for chain formation (Kirisako et al., 2006; Walczak et al., 2012) . NEMO (also known as IKBKG), a subunit of the IKK complex is modified with M1-linked chains (Gerlach et al., 2011; Ikeda et al., 2011; Tokunaga et al., 2009 ). Moreover, NEMO harbors a linear-chain-specific UBD [ubiquitin binding in ABIN and NEMO (UBAN)] that is required for full activation of IKK (Rahighi et al., 2009 ). Additionally, Myd88-dependent formation of M1-K63 hybrid chains is also involved in the activation of IKK. M1-K63 hybrid chains co-recruit the TAK1 and IKK complexes through the interaction of IKKα and IKKβ -the other subunits of IKK complex -with K63-linkages, and NEMO with an M1 linkage so that TAK1 can activate IKKα and IKKβ (Emmerich et al., 2013) . Furthermore, the regulation of NF-κB is balanced by ubiquitylation and deubiquitylation. 'OTU domain DUB with linear linkage specificity' (OTULIN) is a unique member of the OTU-family of DUBs; its catalytic site is inactive and it is unable to hydrolyze isopeptide linkages of ubiquitin chains. However, the unique orientation of distal and proximal ubiquitin moieties in M1-linked chains allows the proximal ubiquitin moiety to activate the protease by complementing the active site with a glutamate residue (Keusekotten et al., 2013; Rivkin et al., 2013) . Thereby OTULIN can only cleave peptide bonds present in M1-linked chains (Keusekotten et al., 2013; Rivkin et al., 2013) . This M1-linked-chain-specific OTULIN interacts with HOIP, the catalytic core subunit of LUBAC, forming a functional complex that regulates the production of linear chains (Elliott et al., 2014; Schaeffer et al., 2014) . Besides OTULIN, USP10 (Niu et al., 2013) and the cylindromatosis tumor suppressor (CYLD) have been shown to counteract LUBAC-mediated linear ubiquitylation. Similar to OTULIN, CYLD associates with the PUB domain of HOIP (Takiuchi et al., 2014) . Notably, after the discovery of linear ubiquitin chains and their role in the regulation of innate immune signaling, other cellular functions relating to this linkage type are beginning to emerge. The involvement of linear ubiquitin chains in Wnt signaling has been inferred from the interaction between OTULIN and disheveled 2 (DVL2), which is a crucial Wnt signaling effector (Rivkin et al., 2013; Takiuchi et al., 2014) .
Phospho-ubiquitin -driver of Parkin-mediated mitophagy
The recent observation that ubiquitin itself can be phosphorylated and acetylated has resulted in an even larger diversity of the ubiquitin code (Herhaus and Dikic, 2015) . Phospho-ubiquitin has been linked to mitochondrial quality control through mitophagy and, in this context, to neurological disorders such as Parkinson's disease. The protein kinase PINK1 phosphorylates residue S65 of ubiquitin, which is required for allosteric activation of the ubiquitin ligase Parkin and is essential for the recruitment of the autophagic machinery, including autophagy receptors (Kane et al., 2014; Kazlauskaite et al., 2014 Kazlauskaite et al., , 2015 Koyano et al., 2014; Kumar et al., 2015; Lazarou et al., 2015; Ordureau et al., 2014; Sauvé et al., 2015; Swaney et al., 2015; Wauer et al., 2015a,b) . These events promote the assembly of K6-, K11-, K48-and K63-linked ubiquitin chains on numerous MOM proteins by Parkin (Cunningham et al., 2015; Ordureau et al., 2014; Sarraf et al., 2014) . Polyubiquitin chains that are attached by Parkin are also phosphorylated by PINK1, which further promotes Parkin retention and attracts autophagy receptors to the damaged organelle (Heo et al., 2015; Lazarou et al., 2015; Ordureau et al., 2015a) . These feed-backward and feed-forward mechanisms amplify the ubiquitin signal on damaged mitochondria and ensure their efficient delivery for lysosomal degradation (more details discussed in Herhaus and Dikic, 2015) .
Conclusions
The complexity and diversity of the polyubiquitin chains that can form on substrate proteins has been even more appreciated since the latest mass spectrometric techniques have been applied to the ubiquitin research field (Ordureau et al., 2015b) . Importantly, these proteomic approaches complement the wide-spread use of ubiquitin mutants, which bear the risk of producing artifacts. As illustrated in this short review, our understanding of the ubiquitin system has increased substantially. For most of the ubiquitin chain types, defined physiological functions have been suggested and open questions from the past are at least partly solved. The presence of branched and post-translationally modified ubiquitin in vivo has been demonstrated. Thanks to structural analyses, for many UBDcontaining proteins and DUBs, we now understand how they specifically recognize distinct linkage types and propagate the ubiquitin code. However, numerous future challenges remain. Our knowledge regarding ubiquitin chain length, the exact topology of ubiquitin signals and ubiquitin dynamics in vivo is still very limited. But continuous advancement of methodology will help to answer these questions (Cannon et al., 2015) . In recent years, each layer of the ubiquitin system has attracted attention as potential novel targets for molecular therapy. A better understanding of the physiological functions and control mechanisms, especially of ubiquitin E3 ligases and DUBs, will help to further the development of inhibitors that could potentially move into the clinic. 
